Background and aims: The mechanisms by which commensal bacteria provoke intestinal inflammation in animal models of inflammatory bowel disease (IBD) remain incompletely defined, leading to increasing interest in the innate immune response of the colonic mucosa to bacterial colonisation. Methods: Using gene expression profiling of colonic RNA from C.B17.SCID germ free mice and those colonised with altered Schaedler's flora, we investigated the innate immune response to bacterial colonisation in vivo. The two most consistently induced gene groups were RegIIIb and c as well as interferon c (IFN-c) response genes. Results: Using quantitative reverse transcription-polymerase chain reaction, we showed that RegIIIb, RegIIIc, and IFN-c were constitutively expressed in the colon of conventionally housed SCID mice compared with either germ free SCID or conventionally housed BALB/c mice. Induction of these genes was reproduced by chronic monoassociation of germ free SCID mice with either of two separate gut commensal bacterial species-segmented filamentous bacteria and Schaedler's Escherichia coli. The cellular source for IFN-c on monoassociation of SCID mice with Schaedler's E coli was localised to a subset of intraepithelial natural killer (IENK) cells that express asialo-GM1. In vivo IFN-c immunoneutralisation studies failed to demonstrate any alteration in RegIIIb or c expression. Conclusions: Thus bacterial colonisation of the colon independently activates two distinct innate immune cell types at the mucosal interface with the colonic lumen, intestinal epithelial cells, and IENK cells, a response that may be regulated by the adaptive immune system. These innate immune responses may play a role in the pathogenesis of colitis in SCID adoptive transfer models in mice and possibly in patients with IBD.
Background and aims: The mechanisms by which commensal bacteria provoke intestinal inflammation in animal models of inflammatory bowel disease (IBD) remain incompletely defined, leading to increasing interest in the innate immune response of the colonic mucosa to bacterial colonisation. Methods: Using gene expression profiling of colonic RNA from C.B17.SCID germ free mice and those colonised with altered Schaedler's flora, we investigated the innate immune response to bacterial colonisation in vivo. The two most consistently induced gene groups were RegIIIb and c as well as interferon c (IFN-c) response genes. Results: Using quantitative reverse transcription-polymerase chain reaction, we showed that RegIIIb, RegIIIc, and IFN-c were constitutively expressed in the colon of conventionally housed SCID mice compared with either germ free SCID or conventionally housed BALB/c mice. Induction of these genes was reproduced by chronic monoassociation of germ free SCID mice with either of two separate gut commensal bacterial species-segmented filamentous bacteria and Schaedler's Escherichia coli. The cellular source for IFN-c on monoassociation of SCID mice with Schaedler's E coli was localised to a subset of intraepithelial natural killer (IENK) cells that express asialo-GM1. In vivo IFN-c immunoneutralisation studies failed to demonstrate any alteration in RegIIIb or c expression. Conclusions: Thus bacterial colonisation of the colon independently activates two distinct innate immune cell types at the mucosal interface with the colonic lumen, intestinal epithelial cells, and IENK cells, a response that may be regulated by the adaptive immune system. These innate immune responses may play a role in the pathogenesis of colitis in SCID adoptive transfer models in mice and possibly in patients with IBD. G rowing evidence from clinical observations of patients with inflammatory bowel disease (IBD) as well as studies of animal models of intestinal inflammation suggests that the pathogenesis of IBD involves a dysregulated immune response to the commensal bacterial flora in the intestinal tract of genetically susceptible individuals. Interest has recently focused on the role of the innate immune system in maintaining homeostasis of the mucosal immune system in the presence of gut flora. For example, the bacterial protein flagellin has been recently identified as a dominant antigen in several murine models of intestinal inflammation as well as in patients with Crohn's disease. 1 In addition, identification of NOD2 gene mutations as a genetic factor that enhances susceptibility to the development of Crohn's disease provides a direct link between genetic predisposition, commensal bacteria, and the innate immune system in the pathogenesis of IBD. 2 The colonic epithelium represents the interface between the mucosal surface and the contents of the intestinal lumen and may be considered a component of the innate immune system. This cell type is exposed to a complex bacterial laden environment containing a vast number of toxic and proinflammatory substances that can be referred to as pathogen associated molecular patterns (PAMPs). PAMPs can bind to ''Toll-like receptors'' (TLRs) thereby eliciting an innate immune response. Recently, Rakoff-Nahoum et al have shown that constitutive activation of TLRs plays an important role in epithelial homeostasis and cytoprotection in the intestine. 3 In common with many murine models of intestinal inflammation, the adoptive transfer of CD4 + CD45RB hi T cells into syngeneic SCID or RAG 2/2 recipients results in the development of chronic colitis in conventionally housed animals but not in a germ free environment. 4 Despite much attention on the role of specific adaptive immunity in the maintenance of immune homeostasis in the intestinal mucosa in this model system, 5 little is known about the contribution of the innate immune response. In this study, we examined gnotobiotic C.B17.SCID mice to determine the effect of bacterial colonisation on the colonic innate immune response. Chronic colonisation of formerly germ free SCID mice with a combination of bacteria, altered Schaedler's defined flora (ASF) or two individual commensal bacteria, Schaedler's E coli or segmented filamentous bacteria (SFB), strongly and independently induced the expression of the RegIII epithelial gene family as well interferon c (IFN-c) by intraepithelial natural killer cells (IENKs) showing a robust host response to commensal bacteria at the mucosal interface. Interestingly, this response was absent in immunocompetent syngeneic BALB/c mice, suggesting that the adaptive immune system actively regulates the innate immune response to bacterial colonisation in the normal intestinal tract.
MATERIALS AND METHODS
Colonisation of mice and tissue harvest Germ free BALB/c and C.B17.SCID mice were bred and housed in the germ free facility of the Department of were then calculated. Mice were inoculated with SFB and ASF at eight weeks of age. Monoassociation of formerly germ free mice with either SFB or oligoassociated with ASF (Taconic, Germantown, New York, USA) were performed as previously described. 4 6 Mice were colonised with ASF using a two step protocol described by Taconic Technical Library (www. taconic.com/library). At the time of sacrifice, the colon was removed, gently cleared of stool, and divided lengthwise. One half was immediately frozen in liquid nitrogen for RNA isolation and the other half was preserved in 10% formalin and embedded in paraffin. Additionally, faecal pellets from mice monoassociated or oligoassociated with bacteria were checked for colonisation by microscopic examination of smears.
Microarray analysis
RNA was supplied to the Penn Microarray Facility for microarray analysis on Affymetrix MG_U74A microarrays (Santa Clara, California, USA). Signal values for each gene were calculated with Microarray Suite v.5 (MAS5; Affymetrix). The resulting signal values were then analysed using Genespring 5.0 (Silcon Genetics, Redwood City, California, USA). Gene expression values were normalised to the default 50th percentile and the median for each gene. Genes that were absent by MAS5 analysis in all samples were removed from consideration. Biological samples in each experimental condition were compared, producing nine gene lists from which a list of common genes was determined. Comparisons between experimental conditions were performed, as noted in fig 1. Genes that changed by twofold or more for each pairwise comparison and were flagged as present (MAS5) in at least one sample were identified. Venn diagrams were used to identify genes in common to all nine analyses. In addition, conditional replicates were averaged and genes with a greater than twofold change between conditions and had a standard deviation of no more than half the gene's median in one out of two conditions were identified.
Quantitative reverse transcription-polymerase chain reaction (RT-PCR) Reverse transcription utilising SuperScript II First Strand Synthesis Kit (Invitrogen, Carlsbad, California, USA) was followed by Syber Green quantitative PCR performed on an ABI 7000 Sequence Detector (Applied Biosystems Inc., Foster City, California, USA). Primers were designed using Primer Express software (Applied Biosystems Inc.). The absence of primer-dimer formation was verified by primer matrix analysis. Primers used in these studies were: mGAPDH: forward 59'-GGT GGT CTC CTC TGA CTT CAA CA-39, reverse 59-GTT GCT GTA GCC AAA TTC GTT GT-39; mRegIIIb: forward 59-TCC CAG GCT TAT GGC TCC TA-39, reverse 59-GCA GGC CAG TTC TGC ATC A-39; mRegIIIc: forward 59-CAT CAA CTG GGA GAC GAA TCC-39, reverse 59-CAG AAA TCC TGA GGC TCT TGA CA-39; IFN-c: forward 59-CAT TCA TGA GTA TTG CCA AGT TTG-39, reverse 59-GCT GGA TTC CGG CAA CAG-39; uridine phosphorylase (Upase): forward 59-CAT CAC CAT CAT CCG CAT TG-39, reverse 59-GCC TGC TGC GTG ATG ACA-39. PCR conditions used were 50˚C for two minutes, 95˚C for 10 minutes, and then 40 cycles at 95˚C for 15 seconds followed by 60˚C for one minute. A dissociation curve was run with each PCR to ensure that primerdimer formation did not occur. PCR results were analysed using the DDC t analysis (User Bulletin #2; Applied Biosystems, Inc) with GAPDH as the housekeeping gene.
Immunohistochemistry
Paraffin embedded sections were dewaxed, rehydrated in 10 mmol/l citric acid buffer (pH 6.0), and microwaved for 10 minutes 30 seconds. Tissue sections were blocked with serial incubations in 3% hydrogen peroxide, avidin D (Vector Laboratories, Burlingame, California, USA), biotin (Vector Laboratories), and protein blocking agent (CoulterImmunotech, Marseille, France). Sections were then incubation with affinity purified antibody overnight at 4˚C, washed with 16 phosphate buffered saline, incubated with the appropriate secondary antibody at 37˚C, and exposed to horseradish peroxidase conjugated ABC reagent (Vecta Elite kit; Vector Laboratories). A DAB substrate kit for peroxidase (Vector Laboratories) was used for signal detection.
The IFN-c antibody (#R4-6A2; BD Biosciences PharMingen, San Jose, California, USA) was used at a 1:400 dilution in PBT (16phosphate buffered saline, 0.1% bovine serum albumin, and 0.2% Triton X-100 in water) for DAB development and at 1:600 dilution in PBT for fluorescent detection. Asialo-GM1 antibody (#986-10001; Wako, Osaka, Japan) was used at a 1:8000 dilution in PBT. A Cy3 conjugated antirat secondary antibody and a Cy2 conjugated antirabbit secondary antibody (Jackson Immuno Research Laboratories, Ltd, West Grove, Pennsylvania, USA) were used at 1:200 dilutions in PBT. These slides were treated with Sudan Black B (0.2% SBB in 70% ethanol; GallardSchlesinger Industries, Plainview, New York, USA) and counterstained with DAPI (Molecular Probes, Eugene, Oregon, USA).
Immunoneutralisation of IFN-c Germ free C.B17.SCID mice were immunodepleted for IFN-c by intraperitoneal injection of anti-IFN-c purified from
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ASF1
ASF2 ASF3 Cognisant that the composition of the commensal gut flora undoubtedly varies from facility to facility, we attempted to control for variability using a commercially available defined flora as a surrogate for normal commensal colonisation. ASF, 7 a combination of eight commensal bacteria, was used to colonise germ free C.B17.SCID mice for six months after which time total RNA was isolated from the colon and caecum of three colonised mice and three germ free controls. Using Affymetrix MG_U74A murine gene microarrays followed by data mining using the GeneSpring bioinformatics platform, sample to sample comparison between experimental conditions was performed, as noted in fig 1. This nineway comparison revealed that only eight genes were upregulated by greater than twofold (table 1) .
To determine if similar alterations in gene expression could be induced by single bacterial species, we used quantitative RT-PCR to examine expression of these genes on monoassociation of formerly germ free SCID mice with a single Gram positive obligate anaerobic gut commensal known as SFB 8 as well as a facultative anaerobic Gram negative bacterium, Schaedler's E coli.
9 Additionally, colonisation of mice with bacteria that have very different characteristics would help to determine if alterations in intestinal gene expression are dependent on specific characteristics of the bacterial species or if it is a more general feature of commensal colonisation. Neither of these two bacterial species are components of ASF. Remarkably, this analysis showed that chronic colonisation with ASF for six months, SFB for four months, or Schaedler's E coli, were all able to induce robust expression of PAP/Reg III genes in formerly germ free SCID mice (figs 2, 3) .
The PAP/Reg family of genes are associated with the inflammatory response and are induced to high levels in patients with IBD. 10 11 Importantly, PAP/Reg gene expression can be induced by IFN-c in vitro. 12 Indeed, genes that have been shown to be activated by IFN-c are induced on chronic colonisation with either ASF or SFB (table 2) .
Monoassociation with Schaedler's E coli results in activation of Reg III and IFN-c in the colon of SCID mice We sought to identify a model system which could be used to investigate the relationship between these genes and colonisation with a single bacterial species that could be easily genetically manipulated and cultured in vitro. Thus, for further evaluation, we chose to examine the effects of Schaedler's E coli on intestinal gene expression as SFB is an obligate anaerobe that cannot be cultured in vitro 8 and ASF is a combination of eight commensal organisms. 7 Schaedler's E coli effectively colonised the intestinal tract of both BALB/c and SCID mice, with the greatest amount of bacteria found in the caecum and colon (table 3) .
Although the number of bacteria found in these two regions of the intestine in SCID mice was less than that quantified in BALB/c mice, the number of bacteria remained stable for at least 60 days (data not shown). By contrast, there was a dramatic time dependent reduction in the number of E coli colonising the small intestine in both strains of mice. Using quantitative RT-PCR of colonic RNA, we show in fig 3 that Schaedler's E coli induces Reg III and IFN-c expression in SCID mice to levels equivalent to or exceeding those observed in SCID mice housed in a conventional environment. Interestingly, although greater levels of E coli can be identified in the caecum and colon of BALB/c mice compared with SCID mice (table 3), there was minimal induction of Reg III and no induction of IFN-c in BALB/c mice, suggesting that components of the adaptive immune system inhibit this response to bacterial colonisation. Importantly, monoassociation of SCID mice for over two months led to a 3.5-fold induction of IFN-c expression in the colon relative to that in germ free SCID mice, a response equivalent to conventionally housed SCID mice (data not shown).
Schaedler's E coli induces RegIIIb/c and IFN-c expression in the caecum and proximal colon but not in the distal colon of SCID mice The number and species of bacteria that colonise the intestinal tract varies tremendously throughout the length of the gastrointestinal tract, with the caecum, which acts as a reservoir, containing particularly high levels of bacteria. Functional studies have shown that the caecum in rodents is important for the development of intestinal inflammation in models of IBD. 13 14 Interestingly, induction of RegIIIb, RegIIIc, and IFN-c expression by colonisation of SCID mice with E coli was greatest in the caecum and proximal colon, with no alteration in the distal colon (fig 4) . Hence this demonstrates that the innate immune response to bacterial colonisation occurs in a region specific fashion and is greatest in an organ shown to play a critical role in the pathogenesis of IBD in certain rodent models.
Immunohistochemistry for IFN-c identifies intraepithelial mononuclear cells as the source for IFN-c in the colon of E coli monoassociated SCID mice Immunohistochemistry was performed to identify the cellular source for induction of IFN-c expression in the colon of SCID mice in response to E coli. Colonic tissues from Schaedler's E coli monoassociated C.B17SCID mice were stained with a monoclonal antibody to IFN-c. Staining was specific for a population of intraepithelial mononuclear cells ( fig 5A) . As intraepithelial T lymphocytes are absent in SCID mice and natural killer (NK) cells are believed to be the sole source of IFN-c in these mice, 15 these IFN-c producing cells are believed to be IENK cells. To confirm this, dual fluorescence immunostaining was performed using antibodies specific for asialo-GM1, a marker for NK cells and certain lymphocyte populations. In the absence of lymphocytes in SCID mice, this marker can be used to specifically identify NK cells. Asialo-GM1 cells were identified as mononuclear cells located in the intraepithelial compartment Total RNA isolated from the colon of SCID mice housed in the designated environments was analysed using the Affymetrix MG_U74A microarray. After employment of standard normalisations, the average gene expression values between conditions were used to determine fold induction (n = 3 for each condition). Upase, uridine phosphorylase. Total CFU/g 610 5 of luminal contents from the small intestine, caecum, and large intestine was calculated by determining the colony forming units (CFU)/plate 6 volume dilution 6 serial dilution (n = 3 mice/time point). ( 5C) . Dual staining confirmed that IFN-c in the colon of these animals is produced by a subset of intraepithelial NK cells ( fig 5D) . Interestingly, these cells were located in the lower crypt but not in the surface epithelial compartment.
Caecum
Immunoneutralisation of IFN-c in vivo does not prevent induction of REGIIIb/c expression in the colon of SCID mice by colonisation with Schaedler's E coli Previous studies have shown that expression of the RegIII gene family can be induced by IFN-c in vitro. 12 Furthermore, similar to our results shown in table 2, RegIII gene expression has been strongly associated with IFN-c production and activation of IFN-c response genes in the intestinal tract of mice. 16 In order to directly determine if RegIII expression in the colon of SCID mice was dependent on activation of IFN-c by E coli, RegIII expression was assessed in monoassociated SCID mice in which we attempted to deplete IFN-c by serial administration of an immunoneutralising antibody. 
DISCUSSION
The mechanisms by which commensal bacteria lead to intestinal inflammation and probiotics exhibit therapeutic benefits in various animal model systems remain to be clearly elucidated. In this report we have shown that colonisation with commensal bacteria resulted in activation of an innate immune response by two cell types at the mucosal interface with the intestinal lumen, IFN-c production by IENKs, as well as RegIIIb and c expression by the epithelium.
NK cells in the intestine are located in the intraepithelial lymphoid compartment where they express markers that distinguish them from splenic NK cells. 18 Thus IENKs are components of the innate immune system that are uniquely situated at the mucosal interface to allow interactions with commensal gut bacteria. Despite the importance of IFN-c in the development of intestinal inflammation and the ability of NK cells to secrete high levels of IFN-c, there is only limited information regarding the function of NK cells in maintaining homeostasis of the intestinal mucosal immune system. Induction of IFN-c expression indicates that bacterial colonisation of SCID mice either activates IENKs or attracts a subset of NK cells to the intestinal epithelium that secrete high levels of IFN-c. In this regard, a previous study has shown that NK cells help to prevent inflammation in the CD4
hi SCID model of colitis, 19 suggesting that NK cells may play an important role in preventing the development of autoimmune diseases. Indeed, human IENKs recently shown to have functional properties similar to those in mice 20 are dramatically diminished in patients with active coeliac disease. 21 Furthermore, depletion of NK1.1 cells in the B6 mouse leads to exacerbations of experimental autoimmune encephalomyelitis and higher mortality. 22 Consistent with this notion, the two individual bacterial species used to activate IENKs to express IFN-c in our study, SFB and E coli, do not induce colitis in animal models of IBD. 4 23 In fact, E coli has been shown to exhibit beneficial probiotic effects by ameliorating intestinal inflammation in the SCID adoptive transfer model of colitis. 24 In contrast, H muridarum, a commensal bacterium shown to exacerbate the development of colitis in the CD4 +
CD45RB
hi SCID adoptive transfer model, 4 does not activate the expression of IFN-c in SCID mice (unpublished observation).
Based on the IFN-c immunoneutralisation studies (fig 6) , activation of RegIIIb and c gene expression appears to be an independent response of the SCID intestinal tract to bacterial colonisation. Recently, Ogawa et al showed that Reg IIIb and c can be induced by bacterial reconstitution of immune competent formerly germ free mice. 11 This induction was only transient and was temporally related to the acute inflammatory response associated with conventionalisation. Indeed, the 1.6-3.5-fold induction of RegIIIb and c in immune competent BALB/c mice by acute colonisation with Schaedler's E coli (fig 3) is consistent with these previously published results. In contrast with these results, we showed that conventionally housed SCID mice expressed levels of RegIIIb and c that were more than 50-fold higher than their BALB/c congenic counterparts, an enduring response reproduced by chronic colonisation with ASF, SFB, or E coli bacteria.
Originally identified as a gene expressed in regenerating rat islet after pancreatic resection, 25 the Reg gene family can be classified into four subclasses (type I-IV). 26 Murine Reg III genes are orthologues of human PAP whose expression is induced in patients with IBD. 11 27 In situ hybridisation and immunohistochemistry have shown that these proteins are synthesised by exocrine pancreatic cells, Paneth cells in the small intestine, and in the crypt epithelium in the colon. 11 The function of PAP/Reg proteins have been best characterised in multiple model systems to induce cellular proliferation and inhibit apoptosis. [28] [29] [30] [31] Therefore, it has been hypothesised that PAP/Reg proteins may act as autocrine growth factors that play a role in epithelial repair and/or protection in the setting of intestinal inflammation. 27 A function for the constitutive expression of Reg proteins in the intestinal tract, however, remains to be characterised. Interestingly, Reg IIIb and c proteins have been shown to be secreted not only basolaterally but also apically by polarised epithelial cells 32 and may therefore influence the biology of luminal bacteria. In this regard, PAP/Reg proteins have been shown to promote cellular adhesion 33 or induce aggregation of E coli, 34 a property perhaps related to their ability to rapidly polymerise into insoluble sedimenting structures on trypsin mediated activation. 35 The influence of RegIIIb and c expression in SCID mice on the physical and physiological properties of Schaedler's E coli will require further investigation.
It is clear that components of the innate immune system, particularly antigen presenting cells, play a critical role in the regulation of the specific adaptive immune system. We now present evidence that the converse is also true. Namely, that the adaptive immune system regulates activation of the innate response to bacterial colonisation of the gut. Induction of RegIIIb and c as well as IFN-c expression by each of the three bacterial colonisation conditions examined in our study occurs in SCID but not BALB/c mice. Importantly, this pattern of intestinal gene expression is also observed in conventionally housed SCID compared with BALB/c mice. Activation of IENKs, as indicated by their expression of IFN-c, and induction of RegIIIb and c expression to bacterial colonisation likely represents a compensatory mechanism by which the innate immune system of SCID mice increases immune surveillance and fortifies the epithelial barrier function, respectively, in the absence of an adaptive immune system. As adoptive transfer of specific T cell subsets into SCID mice results in the development of colitis only in the presence of certain commensal bacteria, the response of the adoptively transferred immune system to the innate immune alterations that we have described in this study may play an important role in determining the development of intestinal inflammation in this model system. Such aberrant interactions between the innate and adaptive immune systems induced by bacterial colonisation of the gut may have relevance to the pathogenesis of IBD.
